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I. INTRODUCTION

A series of nonperforating ballistic impact experiments' were conducted by the US Army
Combat Systems Test Activity to characterize the ballistic shock environment in rolled
homogeneous armor targets. Three of these experiments involved the normal impact of a 20 mm
fragment simulator projectile on 914 x 914 x 38 mm plates at impact velocities of 366 m/s and
1012 m/s and on a 914 x 914 x 70 mm plate at an impact velocity of 1508 m/s. Normal
displacements and radial strains were measured at various locations on the back of the plates.
The EPIC-2 hydro-code® was used by the US Army Ballistic Research Laboratory to model these
three experiments and to calculate the plate’s responses to the impact of this projectile.
Comparison® of the measured and EPIC-2 calculated responses of the plates showed that EPIC-2
could calculate the response of projectile-impacted targets.

EPIC-2 is an axisvmmetric code; therefore, 1t is limited to axisymmetric targets and to
normal impact of projectiles. If, however, the EPIC-2 code is modified to calculate the projectile
loading history of the target, this loading history can be used as input for a finite element
analysis of ballistic shock in normal impacted, non-axisymmetric targets. The code has been
modified and loading histories®> have been ralculated for the previously mentioned 20 mm
projectile impacts. This report describes the application of these loading histories in the ADINAS
finite element analy<es of the plates and a comparison of the ADINA calculated responses with
the measured responses.

II. EPIC-2 CALCULATED LOADING HISTORIES

One of the vanables calculated by the EPIC-2 code for each coniputational time interval
1s the total linear momentum of the plate. The code is modified to calculate the loading history
of the projectile on the plate by calculating the time rate-of-change in the plate’s total linear
momentum over each computational time interval. Although the computational time interval
for these impact velocities is in the order of 0.05 us, the loading is printed out at 1.0 us intervals.

Figure 1 shows the computed loading history of the plate for impact velocity of 366 m/s.
The duration time of the loading is approximately 40 ps and the maximum peak value of the
loading is 800 kN. The shape of the loading pulse shows rectangular characteristics. Figure 2
shows the computed loading history for the 1012 m/s impact velocity. The duration time of the
loading 15 48 ps and the maximum peak value is 3.4 MN. This loading history is more oscillatory
in nature than the one shown in Figure 1, and its shape exhibits triangular characteristics.
Figure 3 shows the computed loading history of the plate for the impact velocity of 1508 m/s.
The loading has a duration time of 68 ps and a maximum peak value of 6.3 MN. For the first 30
fts the loading is very oscillatory with differences of up to 5 MN between maximum and
minimum load values. There exists at 46 us a negative loading, implying that the projectile is
pulling the plate rather pushing against it. A more reasonable explanation can bhe given in terms
of the dilatation wave produced by the impacting projectile. The time at which the negative
loading occurs is the arrival time of the wave at the impact point after the wave’s second round
trip through the 70 mm thickness of the plate. Since this 1s a tension wave when it arrives, the
plate expertences a pulling rather than a pushing. Although the lower impact velocity loading




histories show some characteristic shape, this higher velocity loading history does not.
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Figure 1. EP1C-2 calculated impact loading history for Vo = 366 m s
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Figure 2. EPIC-2 calculated impact loading history for vp = 1012 m/s.
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Figure 3. EPIC-2 caleulated impact loading history for vp = 1508 m/s.
III. ADINA CALCULATIONS

[he ADINA fimte element models of the plates are identical to the models used in the
EPIC-2 caleulations of the plates’ responses® and the loading histories®. The square plates are
maodeled as a circular ones with radn of 457 mm and having free boundaries. The analyses are
axisymmetric. The 38 mm thick plate model consists of 671 nodes and 1200 triangular elements.
Both the horizontal and the vertical distances hetween the nodes are 7.62 mm. The 70 mm thick
plate model consists of 1029 nodes and 1760 triangular elements. The horizontal and the vertical
distances between the nodes are 7.62 mm and 8.67 mm. respectively. One third of the loading is
apphed to each of the top first three radial nodes. (Recovery of the 20 mm projectiles after the
experiments showed that the contact surface of the projectile mushroomed from a 20 mm
diameter to a 33 mm diameter.) The analyses are nonlinear material only, small deflection and
small strain. The time integration scheme used 1s the Newmark method with a time step
increment of 1 ps. The full Newton eqmlibrium iteration method without line search is used for
the 3% mm thick plates. and the full Newton equilibrium iteration method with line search is
used for the 70 mm thick plate

The material model of the plates is bilinear elastic-plastic in which Young's modulus £ =
1451 GPa, Poisson’s ratio 17 = 0.275, vield stress 7,.= 916.2 MPa, and strain hardening modulus
F. = 510.1 MPa; and the density of the plate is 7876 kg 'm®  The same material properties were
used in the EPTIC-2 caleulutions of the loading histories.




IV. COMPARISON OF CALCULATED AND MEASURED RESPONSES

Figures 4 through 17 show the calenlated and measured plate response histories at the
100 mm, 106 mm, 170 mm. 240 mm and 241 mm transducer locations for the first 300 pus. For
times greater thon 250 ps. the plate’s geometry and boundary conditions do affect the plate’s
response, and any comnarison of data s not meamngful. Zero times of the measured responses,
nermal displacements and radial strains, do not coincide with the time ~7 impact and therefore
dev not correspond to the zero time of the calculated resporses. Zero times of the measured
re~ponses are adjusted moorder to compare the date, and these adjusted times are the same ones
use Tan the compurison® of the EPIC-2 caleulated . esponses with the measured responses.

Froures 1 through N shiow the responses of the 38 mm thick plate for the impact veloeity
of St < Figures 8 through 13 show the responses of a similar plate for the 1012 m:s impact
verntyvs Figures T through 17 are for the 70 mm thick plate Tor the impact velocity of 1508
m ~  Itcun be seen froim these figures that the agreement between the measured plate responses

arcd the caleulted responses ranges from good to excellent.
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Figure 4. Normal displacement histories at 106 man for Y 366 m s,




50

Displacement
(um)

——— MEASURED
........ ADINA

0 100 200 300

Figure 5. Normal displacement histories at 244 mm for Vp = 366 m/s.
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Figure 6. Radial strain histories at 100 mm for Vp = 366 m/s.
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Figure 8 Radial strain histories at 240 mm for Vp = 366 m/s.
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Figure 9. Normal displacement histories at 106 mm for Vp = 1012 m/s.
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Figure 10. Normal displacement histories at 244 mm for Vp = 1012 m/s.
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Figure 11. Radial strain histories at 100 mm for Vp = 1012 m/s.
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Figure 12. Radial strain histories at 170 mm for Vp = 1012 m/s.
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Figure 14. Normal displacement histories at 244 mm for Vo = 1508 m/s.
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Figure 15. Radial strain histories at 100 mm for Vp = 1508 m/s.
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Figure 16. Radial strain histories at 170 mm for Vp = 1508 m/s.
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Figure 17. Radial strain histories at 240 mm for Vp = 1508 m/s.

V. SUMMARY AND CONCLUSIONS

EPIC-2 hydro-code calculated loading histories of rolled homogeneous armor plates from
impacting 20 mm projectiles have been used in finite element analyses of the plates’ responses to
these impacts. The projectile impacts were normal to the plate surface and nonperforating.
During the computation of the loading histories, the projectile material was allowed to fail and
erode whereas the plate material was not. Comparison of the measured and the finite element
calculated responses of the plates show that these calculated loading histories when used in finite
element analyses of the plates’ responses give good to excellent results for this particular type of
impact.

Non-normal impact, kinetic energy rod impact and shaped charge warhead impact are of
greater importance. The latter is of special interest in that it involves both high explosive blast
loading and shaped charge jet loading. Whether or not hydro-codes can provide loading histories
for these types of impact for use in finite element analyses of ballistic impact is a question still to
be answered.
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